Abstract We investigated the physiological and psychological responses of nine normal men to the prolonged light floor-impact sounds of 60 dBA and 80 dBA generated by a tapping machine in a two-story wooden house. Blood pressure was measured, and a sensory evaluation was also conducted using the semantic differential method. The results obtained were as follows: (1) the increase in systolic blood pressure immediately after exposure to the light floorimpact sounds depended on the level of the sounds, (2) the variations in feelings due to the prolonged light floor-impact sounds were identified by factor analysis, and (3) the subjects showed no difference in "comfortable" feeling for the prolonged light floor-impact sounds of 60 dBA and 80 dBA, but differences in the variation of the systolic blood pressure were detected.
Introduction
It is important to consider sound-insulating performance in order to improve comfort in a dwelling environment. In particular, the insulation of floor-impact sounds affects the dwelling comfort in wooden buildings which are usually lighter and less rigid than other buildings such as reinforced concrete buildings.
There are two kinds of impact sources for testing the floor-impact sound insulation of buildings defined by Japanese Industrial Standard, JIS A 1418: 2000. One is a light and hard impact source, that is, the tapping machine specified in ISO 140/7, and the other is a heavy and soft one, that is, an automobile tire.
We have investigated the sound-insulating performance of a wooden house by measuring physiological and psychological responses to light floor-impact sounds generated by the tapping machine, 1,2 and heavy floor-impact sounds generated by dropping an automobile tire. [3] [4] [5] [6] We have also examined the physiological and psychological effects of prolonged light floor-impact sounds generated by the tapping machine on humans. 5, [7] [8] [9] In this study, variations in systolic blood pressure due to the prolonged light floor-impact sounds generated by the tapping machine were measured, and a sensory evaluation was also conducted using the semantic differential (SD) method. Comparing the physiological responses and the sensory evaluation, we discuss the possibility of evaluating the floorimpact sound-insulating performance of a wooden house using physiological indexes.
Experimental

Subjects and stimuli
Nine normal men of 24-29 years of age participated in the physiological and psychological experiments as subjects. These experiments were conducted in a Japanese-style room in an experimental two-story wooden house. The downstairs room was maintained at 10°-15°C, 40%-60% relative humidity and about 150 lx. Sitting on a chair at the center of the downstairs room, each subject was exposed to the prolonged light floor-impact sounds that were generated on the upstairs floor by using the tapping machine for 5 min. Each subject underwent the same tests with different levels of the prolonged light floor-impact sound after his blood pressure had returned to the normal level. No impact sound was generated in the control test. The average background noise level was 47 dBA (A-weighted sound pressure level). Including the control test, two floor-impact sound levels of 60 dBA and 80 dBA were generated randomly for each subject. The reasons for selecting these sound levels were as follows: 60 dBA was the minimum level at which significant changes in some physiological responses occurred, 1 while 80 dBA was the maximum level of the light floor-impact sound generated by the tapping machine in the wooden house where this experiment was conducted.
Physiological measurement
Blood pressure, which was monitored on the left middle finger (Finapres, Ohmeda, Model 2300), 10 was measured in a quiet condition for 2 min before exposure to the prolonged light floor-impact sounds generated by the tapping machine and during radiation of the sounds for 5 min.
The Student's t-test was used to examine the average difference of physiological responses between the average value measured for 1 min just before exposure to the prolonged light floor-impact sounds and that measured for each 1-min period during exposure to the sounds.
Sensory evaluation
After physiological measurements, sensory evaluation was conducted using the SD method while the subjects were exposed to the light floor-impact sounds. For the SD method, the following 21 adjective pairs were provided to describe the prolonged light floor-impact sounds: safedangerous, stable-unstable, tender-violent, weak-strong, small-large, loose-tight, gentle-active, comfortable-uncomfortable, busy-relaxed, unclear-clear, slow-fast, finerough, dull-sharp, light-heavy, soft-hard, calm-noisy, monotonous-varied, regular-irregular, unimpressive-impressive, drowsy-alert, and agreeable-disagreeable. These pairs were determined by modifying the adjective pairs used for the sensory evaluation of vibration during operation of a yarder 11 and adding the pair "drowsy-alert." We have already applied these adjective pairs for the sensory evaluation of light floor-impact sounds and have confirmed their validity. 1 Each pair was expressed numerically by scoring one to seven on a seven-step scale, and elementary factors were determined by factor analysis using the principal factor method and the rotation varimax method.
Results and discussion
Physiological responses
As shown in Fig. 1 , systolic blood pressure increased significantly (P Ͻ 0.05) immediately after exposure to the light floor-impact sounds, and the initial increase of the systolic blood pressure for 80 dBA was larger than that for 60 dBA. This means that the light floor-impact sound instantly affected the autonomic nervous system of the subjects.
The systolic blood pressure for 60 dBA gradually increased after the initial rise and showed significant changes over the periods of 0-1 min, 3-4 min, and 4-5 min. On the other hand, the systolic blood pressure for 80 dBA, which appeared to level off or decrease slightly after the initial rise, showed significant changes over the periods of 0-1 min, 1-2 min, 2-3 min, and 3-4 min, but it showed no significant change over 4-5 min. Accordingly, we detected an opposite trend of the time-series changes in the systolic blood pressure for 60 dBA and that for 80 dBA. These time-series changes could not be observed in our previously reported study 1 in which we measured the physiological responses for 1 min.
The diastolic blood pressure did not show significant differences among the control and other tests. For pulse rates, there were also no significant changes through all tests.
Sensory evaluation
Scores obtained by all of the subjects are shown in Table 1 . Four factors in which an eigenvalue exceeded one were extracted. Cumulative contributions for the four factors reached 81.3%. The first factor can be interpreted as a "comfortable feeling" because the scores of calm-noisy, busy-relaxed, small-large, comfortable-uncomfortable, weak-strong, agreeable-disagreeable, gentle-active, slowfast, safe-dangerous, tender-violent, loose-tight, and softhard were relatively large. The second factor shows large scores for dull-sharp, drowsy-alert, unimpressive-impressive, and unclear-clear, and so can be interpreted as a "sharp feeling". The third factor can be interpreted as a monotonous feeling because the adjective pairs of monotonous-varied, stable-unstable, and regular-irregular had large scores. The fourth factor showed large scores for light-heavy and fine-rough, and so can be interpreted as a "light feeling". Figure 2 shows the scores of factors obtained by factor analysis. The scores of the first factor shifted from positive to negative with increasing light floor-impact sound levels. The scores of the first factor, when the subjects were exposed to the prolonged light floor-impact sounds, were significantly different from that in the control test; that is, the subjects felt uncomfortable whenever they were exposed to the prolonged light floor-impact sounds of 60 dBA and 80 dBA, but there was no significant difference between the scores for 60 dBA and 80 dBA. For the second factor, the score for 80 dBA was significantly different from that of the control test. There was no significant difference in the third and fourth factors.
The general impressions of prolonged light floor-impact sounds were as follows: the subjects felt "uncomfortable, dull, and slightly monotonous" at the sound level of 60 dBA and felt "uncomfortable and sharp" at the sound level of 80 dBA. The result of the sensory evaluation was similar to that in our previous study. 1 
Conclusions
The temporary rise in systolic blood pressure immediately after exposure to the prolonged light floor-impact sounds depended on the sound levels, and it can therefore be used as one of the physiological indexes to show an instantaneous effect of light floor-impact sounds on the autonomic nervous system of a human. The sensory evaluation indicated that the subjects felt uncomfortable when exposed to the prolonged light floorimpact sounds of 60 dBA and 80 dBA, and that there was no significant difference in the uncomfortable feeling between these floor-impact sounds. The change in systolic blood pressure, however, showed a difference between the prolonged light floor-impact sounds of 60 dBA and 80 dBA. Therefore, we suggest that the systolic blood pressure may be used as a physiological index to evaluate the floor-impact sound insulating performance of a wooden house.
